Dragonfly cyclovirus (DfCyV), a new species of ssDNA virus discovered using viral metagenomics in dragonflies (family Libellulidae) from the Kingdom of Tonga. Metagenomic sequences of DfCyV were similar to viruses of the recently proposed genus Cyclovirus within the family Circoviridae. Specific PCRs resulted in the recovery of 21 DfCyV genomes from three dragonfly species (Pantala flavescens, Tholymis tillarga and Diplacodes bipunctata). The 1741 nt DfCyV genomes share .95 % nucleotide identity and are classified into 11 subtypes representing a single strain. The DfCyV genomes share 48-63 % genome-wide nucleotide identity with cycloviruses identified in human faecal samples. Recombination analysis revealed three recombinant DfCyV genomes, suggesting that recombination plays an important role in cyclovirus evolution. To our knowledge, this is the first report of a circular ssDNA virus identified in insects, and the data may help elucidate evolutionary links among novel Circoviridae recently identified in animals and environmental samples.
Viruses with circular single-stranded DNA (ssDNA) genomes are the smallest capsid-encoding pathogens known to infect plants and vertebrates. Plant viruses with circular ssDNA genomes belong to the families Nanoviridae and Geminiviridae, whereas viruses that infect vertebrates belong to the families Circoviridae and Anelloviridae (Carstens, 2010; Fauquet et al., 2005) . Recently, a wide diversity of circular ssDNA viruses have been catalogued from different environments and mammalian faecal samples through metagenomic approaches, suggesting that ssDNA viruses are more widespread than previously recognized (Blinkova et al., 2010; Kim et al., 2008; Li et al., 2010a, b; Ló pez-Bueno et al., 2009; Rosario et al., 2009 ).
To date, circular ssDNA viruses that infect insects have not been described. Instead, research regarding circular ssDNA viruses in insects has focused on investigating plant geminiviruses and nanoviruses that are transmitted by hemipteran insects (Hogenhout et al., 2008) . Here we report a new species of ssDNA virus identified in three dragonfly species of the family Libellulidae: Pantala flavescens (Fabricius, 1798), which has a worldwide distribution, and Tholymis tillarga (Fabricius, 1798) and Diplacodes bipunctata (Brauer, 1865), which are found throughout the Pacific (Theischinger & Hawking, 2006) . Dragonflies were collected in April and May 2010 from Tongatapu and Vava'u, two islands in the kingdom of Tonga that are located approximately 1600 km north-east of New Zealand. P. flavescens and D. bipunctata were collected from both islands, while T. tillarga was only encountered on Tongatapu. Initially, viral particles were partially purified from three P. flavescens individuals. For this purpose, the abdomens (segments 3-6) of the three specimens were homogenized in 1.5 ml SM buffer [0.1 M NaCl, 50 mM Tris/HCl (pH 7.4), 10 mM MgSO 4 ] using a disposable pellet pestle and filtered through a 0.45 mm Acrodisc syringe filter (PTFE; Pall). Nucleic acids were extracted from 200 ml of the purified viral fraction using a QIAmp MinElute Virus Spin kit (Qiagen) and DNA was amplified using an Illustra TempliPhi Amplification kit (GE Healthcare). The amplified DNA was then randomly fragmented and further amplified using a GenomePlex Whole Genome Amplification (WGA) kit (Sigma-Aldrich). WGA products approximately 300-400 bp in length were cloned and sequenced. BLASTX (Altschul et al., 1997) analysis revealed that 63 % of the sequenced clones (n58) had significant similarities to cycloviruses, while the remaining three clones yielded poor quality sequences (n52) or had similarities to bacteriophage of enterobacteria (n51).
Since cycloviruses are circular ssDNA viruses, back-to-back primers were designed based on the metagenomic sequences to recover full genomes of the dragonfly viruses through inverted PCR. The primers included: DFcyclo1F/1R (59-CTCAGATTTGTAGTGTCGGG-39/59-GGTCTACTAT-TATTGGGGC-39), DFcyclo2F/2R (59-ACAGAATGGGAC-GAACACTC-39/59-ATTGTAAGAACGACGGC-39) and DF cylco3F/3R (59-AGGAACAGGTCCATGCCAT-39/59-TGC-TGCTCAGGGCAAAT-39). The PCR was performed using a Kapa HiFi HotStart DNA polymerase (Kapa Biosystems) and the reaction proceeded as follows: 95 u C for 3 min followed by 25 cycles of 98 u C for 20 s, 48.5 u C for 20 s and 72 u C for 2 min, and a final extension at 72 u C for 5 min. All WGA and PCR products were cloned using a pJET1.2 vector (CloneJET PCR cloning kit; Fermentas) and were commercially sequenced (Macrogen). All sequences were assembled and edited using DNAMAN (version 5.2.9; Lynnon Biosoft).
Subsequent to sequencing the novel virus from P. flavescens, similar circular ssDNA viruses from 12 dragonfly specimens were amplified using the PCR primers described above, cloned and sequenced. The viruses were detected in all P. flavescens (n53) and T. tillarga (n54) specimens screened, whereas one of six D. bipunctata specimens tested negative. In total, 21 full genomes of 1741 nt were sequenced from the three dragonfly species (GenBank accession nos HQ638049-HQ638069). The final genomes include at least one clone obtained from each individual insect that tested positive for the novel virus by PCR and several clones from the original P. flavescens pooled sample that was processed through WGA. The 21 full genomes were aligned by using CLUSTAL W (gap open penalty510, gap extension penalty55) (Thompson et al., 1994) in MEGA4 (Tamura et al., 2007) and maximumlikelihood (ML) phylogenetic trees were constructed using PHYML (Guindon & Gascuel, 2003) with the best fit model selected by RDP3 (Martin et al., 2005) .
All the dragonfly virus genomes exhibit characteristics typical of members of the family Circoviridae, and are most similar to the cycloviruses recently described from human faecal samples (Li et al., 2010a) . The ambisense circular ssDNA virus genomes (full annotations provided in Supplementary Fig. S1 , available in JGV Online) have two ORFs encoding putative replication associated (Rep) and capsid (Cap) proteins. The genomes also have characteristics that are unique to cycloviruses, including the probable canonical virion-strand origin of replication sequence TAATACTAT ( Supplementary Fig. S1 ) and the absence of an intergenic region between the Rep and Cap stop codons (Li et al., 2010a) .
Pairwise distance (p-distance) comparisons (determined with pairwise exclusion of alignment gaps using MEGA4; Tamura et al., 2007) revealed that all the dragonfly viruses share .95 % nucleotide identity (Fig. 1a) , despite the fact that they originated from three different dragonfly species on two different islands separated by approximately 300 km (Tongatapu, n511 including the original pooled sample; Vava'u, n53). Broader analysis of two representative dragonfly virus genomes with all available circovirus and cyclovirus genomes (n527) showed that the dragonfly viruses are most similar to cycloviruses from mammalian faecal samples (48.3-63 % pairwise nucleotide identity) and more distantly related to circoviruses (41-46.9 % pairwise nucleotide identity; Fig. 2 ). Based on the ML trees (constructed with model general time reversible (GTR)+I+G4 and rooted with cyclovirus isolate PK5034_GQ404845) and p-distance analysis, it is clear that the new ssDNA viruses identified in dragonflies are most closely related to members of the recently proposed genus Cyclovirus and represent a new species within this genus. Therefore the name Dragonfly cyclovirus (DfCyV) is proposed for the new dragonfly ssDNA viruses. All the DfCyV genomes have been classified into 11 subtypes (DfCyV-A 1 -A 11 ; Fig. 1a ) based on a 98 % nucleotide identity genotype demarcation threshold following the frequency of percentage pairwise identity analysis. This criterion is almost identical to that adopted for avian circoviruses (Varsani et al., 2011) , in particular Beak and feather disease virus.
Analysis of the DfCyV Rep and Cap ORFs revealed characteristics similar to known viral proteins. The DfCyV Rep protein shares approximately 50-66 % and 36-44 % amino acid identity with the Rep proteins of cycloviruses and circoviruses, respectively. On the other hand, the DfCyV Cap protein shares only 28-48 % amino acid identity with the Cap protein of other cycloviruses and ,18 % amino acid identity with the Cap protein of circoviruses. Within the Rep protein, three putative rolling circle replication binding motifs (FTWNN, GTPHIQGF and YCSK), similar to conserved motifs in most known rolling circle replicons, were identified (Ilyina & Koonin, 1992) . A motif similar to a conserved nucleotide-binding fold that is important for Rep protein ATPase activity and viral DNA replication was also detected (P-loop, GPPGTGKS) (Desbiez et al., 1995; Walker et al., 1982) . In addition, a region rich in basic amino acid residues was identified at the N terminus of the Cap protein between residues 3 and 34. A similar region, rich in positively charged residues, has been identified as a nuclear localization signal and DNA-binding region in circoviruses (Heath et al., 2006; Liu et al., 2001; Meerts et al., 2005) . Pairwise comparisons (p-distance) of predicted amino acid sequences for both Rep and Cap proteins between DfCyV ge-nomes revealed that both proteins are conserved at the amino acid level, even though the Cap is more variable at the nucleotide level ( Supplementary Fig. S2 , available in JGV Online). Therefore the data suggest that the Cap is under negative selection. Circular ssDNA viruses are known to be mechanistically predisposed to recombination (Lefeuvre et al., 2009) . Recombination analysis of the DfCyV genomes using recombination-detection methods implemented in the program RDP3 (Martin et al., 2005) revealed three recombination events among DfCyV genotypes, namely two events within the Cap region and a third spanning the Rep and Cap regions (details of recombination events are provided in Fig. 1b) . Default settings were used throughout the analysis and all breakpoint positions and the recombinant sequence(s) inferred for each potential recombination event was manually checked and adjusted where necessary. The events detected were checked for phylogenetic support for recombination. The analysis showed that DfCyV-A 9 is an intra-subtype recombinant of DfCyV-A 10 and DfCyV-A 7 . DfCyV- Although several genomes were identified in this study, no association was observed between DfCyV subtypes and either of the islands or dragonfly species sampled. Two of the subtypes (DfCyV-A 1 and DfCyV-A 8 ) were identified in several dragonfly species, and DfCyV-A 10 was detected in dragonflies from both Vava'u and Tongatapu. Taken together, these findings indicate that the DfCyVs are widespread within the three dragonfly species tested throughout the Kingdom of Tonga. The presence of identical DfCyV genotypes in different dragonfly species could result from interspecies interactions. Dragonflies from different species are known to interact, as they are in constant conflict with their neighbours while protecting their territory, and possibly through feeding on each other (Corbet, 1999) . Currently there are no data regarding dragonfly movement between the different Tongan islands; however, the ability of some dragonflies to migrate over long distances (Anderson, 2009) suggests probable movement of all three species between the sampling sites. In particular, P. flavescens has a worldwide distribution and D. bipunctata and T. tillarga are found throughout the Pacific (Theischinger & Hawking, 2006) . Therefore the spread of DfCyVs between different islands, species and individuals may be due to the migration patterns, interactions and feeding habits of the three dragonfly species investigated.
Since DfCyV was isolated from dragonfly abdomens that contain the gut and other tissues, the primary host for DfCyV remains unconfirmed. One possibility is that Fig. 1 . (a) ML tree based on an alignment of complete genome nucleotide sequences of DfCyVs and corresponding two-dimensional graphical representation of pairwise nucleotide identities (calculated with pairwise deletion of gaps). Bar, 0.01 % identity. The ML tree was constructed using PHYML (Guindon & Gascuel, 2003) with GTR+I+G4 chosen as the best fit model by RDP3 (Martin et al., 2005) . All genomes were identified according to the following scheme [Country software. The reported P value is for the method in bold type and is the best P value calculated for the region in question.
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DfCyV infects an insect upon which dragonflies prey. Dragonflies are top predators that feed on many types of insect. Although their diet includes other Odonata species (even conspecific), they usually prey on much smaller insects that are easily chewed in flight (Corbet & Brooks 2008) . If the virus originates from the dragonflies' food source, then the prey insect must be widespread in the Kingdom of Tonga. Since dragonflies are not known to have feeding preferences for particular prey species, it is unlikely that identical DfCyV genotypes would be detected in several dragonflies if DfCyV infects their prey. Future studies need to investigate the presence of cycloviruses in other insect species to rule out a dietary source for DfCyV and to confirm that dragonflies are the primary host for this virus.
Little is known regarding the potential impact of viral infections on dragonfly populations. To our knowledge there is only one report of a dragonfly virus, which is based solely on electron microscopic analysis (Charpentier, 1979) . Based on the morphology of the infective particles and histopathology of midgut tissues, the virus was presumed to be a parvovirus, since parvoviruses were the only small DNA viruses known to infect insects at that time. However, members of the Circoviridae have morphological characteristics consistent with the observed particles and may also cause nuclear inclusions (Todd, 2000) , creating the possibility that the observed particles may have been cycloviruses.
In conclusion, the discovery of DfCyV establishes a precedent for circular ssDNA viruses in invertebrates. Further sequencing of circular ssDNA viruses in invertebrates may help elucidate evolutionary links among novel circular ssDNA viruses that have been identified in a variety of environments and animal samples through metagenomic approaches (Blinkova et al., 2010; Kim et al., 2008; Li et al., 2010a, b; Ló pez-Bueno et al., 2009; Rosario et al., 2009) . Previously, cyclovirus genomes have only been reported in faecal samples from mammals, including humans, chimpanzees and bats. Despite this association with mammalian samples, the hosts of these cycloviruses have not been determined (Li et al., 2010a, b) . The discovery of DfCyV highlights the possibility of invertebrate hosts for the cycloviruses that have been found in mammalian faeces (Li et al., 2010a, b) similar to what has been suggested for novel picornaviruses found in human faeces (Kapoor et al., 2010) . Mul duck, mulard duck circovirus; Mus duc, Muscovy duck circovirus). The grey box denotes known cycloviruses, and DfCyVs identified in this study are indicated with a star. The ML tree is based on an alignment of complete genome nucleotide sequences and was constructed using PHYML (Guindon & Gascuel, 2003) with GTR+I+G4 chosen as the best fit model by RDP3 (Martin et al., 2005) . The percentage of 1000 full ML bootstrap replicates supporting the existence of the branches is indicated. Pairwise identities represent corresponding genome-wide nucleotide-sequence similarities (calculated with pairwise deletion of gaps). Bar, 0.2 % identity.
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